Abstract Background Patients operated on for type A aortic dissection remain at risk of long-term aneurysm development, the main cause for late death. The aim of this study was to identify early predictors for aneurysm formation at three-years after surgery. Methods A study group of 70 consecutive patients (52 ± 10 years-old, 41 male), operated on for aortic dissection with replacement of the ascending segment, was evaluated prospectively for three-years. In order to detect aneurysm formation, the dimension of residual distal aortic segments was obtained soon after surgery and then annually for three years using cardiovascular magnetic resonance. Results During follow-up (38 ± 2.6 months), aneurysm was found in 25 patients (35%) involving residual segments. Larger initial dimension of segments, higher pulse pressure, lower distensibility of residual segments and the presence of a residual flap were univariately associated with aneurysm. Multivariate analysis identified the initial dimension (mm) of the descending thoracic aorta (OR 1.47, 95%CI: [1.19-1.82]) and pulse pressure (OR 1.43,95%CI: [1.10-1.86]) as independent variables for aneurysm formation. A risk score using pulse pressure and descending thoracic dimension was constructed. Patients with B24 points had no late aneurysm formation, while those with a score C45 yielded 100% of aneurysm frequency. Conclusions Type A aortic dissection treated by graft interposition is associated with a high risk of aneurysm formation. Early post-operative pulse pressure and the descending thoracic aortic dimension were independent variables and seem to be the main predictors for the outcome.
mortality rate ranging from 15 to 24% [1] [2] [3] . Nevertheless, operated patients are not free from further complications, of which aneurysmal change and rupture of the residual aorta are the most drastic ones and the main cause of late death [4] . Systematic use of new imaging techniques as monitoring tools allow early detection of aneurysm and timely reoperation, but the survival rate still declines in the first 3 years, after which it then reaches a plateau [5] . Patients with Marfan syndrome are highly prone to late aneurysm, and distensibility seems to have a role [4] [5] [6] [7] . However, in non-Marfan patients, risk factors for aneurysm have not been clearly established, as many studies are retrospective or include mainly operative variables [3, [8] [9] [10] [11] [12] .
The aim of this study was to identify early postoperative predictors for aneurysm development at three-years after operation for acute type A aortic dissection in patients without Marfan syndrome. Cardiovascular magnetic resonance (CMR) was used for aneurysm assessment, as a powerful non-ionising method for long-term monitoring of patients undergoing aortic surgery [13, 14] .
Methods and materials

Patients
We included prospectively consecutive non-Marfan patients who survived surgery for acute Stanford type A aortic dissection, performed in our Centre between January 1994 and December 2002. Exclusion criteria: contraindications or intolerance to CMR. After exclusion of one patient due to claustrophobia, seventy patients were enrolled. The diagnosis of dissection had been performed by either transesophageal echocardiography, CT or CMR. Surgical treatment was performed using extracorporeal circulation with moderate hypothermia, and hypothermic circulatory arrest when the aortic arch was involved by the intimal tear. The surgical technique consisted in resection of all of the ascending aorta, which included the intimal tear (65 in the ascending aorta and the remaining in the arch) and replacement by an interposition graft (either isolated, with resuspention of the aortic valve or replacement by a valve prosthesis) or a composite graft (Bentall type of procedure). Histopathology of the removed ascending aorta yielded medial degeneration in all patients, with associated atherosclerosis in 10. During post surgical treatment, all patients were aggressively medicated with a beta-blocker, aiming at a heart rate of B60 bpm, and with an ACE inhibitor associated with a calcium antagonist or a diuretic when needed, in order to obtain a systolic blood pressure of B130 mmHg.
Study design
All patients underwent a baseline evaluation at 2 months post-surgery, and thereafter three additional evaluations, yearly for three years. In the baseline assessment, we obtained all prognostic variables and CMR dimensions of the residual aorta at three levels, defining three segments: 1. arch; 2. descending thoracic; 3. abdominal ( Fig. 1) . Follow-up evaluations consisted in measuring the dimensions of the defined aortic segments at the level with the maximum dimension in the baseline study. Aneurysm was considered when the aortic dimension was C55 mm [15] [16] [17] . The study end-point was aneurysm formation. Re-operation for aneurysm and all-cause mortality were also analyzed as secondary endpoints. 
Prognostic variables
For prediction of late aneurysm, the following early post-operative variables were assessed: sex, age, BSA (body surface area), associated conditions (hypertension C2 years; family history of dissection; hereditary and acquired connective tissue disorders; bicuspid aortic valve; syphilis; aortic trauma and manipulation), one or more risk factors for atherosclerosis (diabetes, hypercholesterolemia, smoking, obesity), pulse pressure (difference between systolic and diastolic blood pressure; averaged from three measurements by sphygomanometry at the brachial artery), flap in the residual aorta; patency of the false lumen when present, maximum cross-sectional dimension of the aorta at the three levels (segments 1-3), distensibility of the same three segments according to the equation:
where Dist is distensibility (in dynes/dm 2 ), A max is the maximal (systolic) aortic area (in mm 2 ), A min is the minimal (diastolic) aortic area (in square millimetres), P max is the systolic blood pressure (in millimetres of mercury), and P min is the diastolic blood pressure (in millimetres of mercury).
CMR
Studies were performed using a 1.5 T scanner (Signa, General Electric, Milwaukee, USA). ECG-triggered sequences were applied: spin-echo T1 and T2 for morphological characterisation (thickness =8-9 mm, matrix = 256 9 256); cine-CMR (fast gradientecho) for flow and distensibility (thickness = 8-9 mm, matrix 256 9 256, time resolution \50 ms). A minimum of 20 frames per cardiac cycle was accepted. Cross-sectional dimensions were measured at end-diastole. End-diastolic and end systolic areas were measured by computer tracing of minimum and maximal aortic areas. For comparison, CMR images were obtained in each patient using the same parameters, slice localisation in all studies and using the pulmonary bifurcation level and the diaphragm as anatomical landmarks. Measurements were performed by two independent observers, and the mean of values was considered.
Reproducibility of CMR measurements
Inter-observer agreement of measurements was obtained in 24 patients by two independent observers, comparing diastolic dimension and area of descending thoracic segment. Intra-observer agreement was analysed in 12 healthy individuals and 12 patients by measuring the diastolic area in two consecutive studies.
An intraclass correlation coefficient (ICC) was used to measure inter and intra-observer agreement. A high inter-observer agreement for diastolic dimension (mm) and area (mm The study was approved by the local ethics committee and informed consent was obtained from all patients.
Statistical analysis
Continuous variables were expressed as mean and standard deviation (SD) and categorical as proportions. Relative risks for aneurysm development were expressed as odds ratio (OR) and calculated for all variables. To identify independent relationships, stepwise logistic regression analysis was performed (with an inclusion criteria P \ 0.10 for entry and P [ 0.10 for exit). The final model was then transformed into a clinical prediction rule, by assigning points to variables in the model and computation. A score was obtained for each individual patient and the discriminatory properties were studied with a receiver operator characteristic (ROC) curve area for the score. Four groups were created as a function of the score value, which represents aneurysm risk stratification. All statistical calculations were performed with the SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, USA).
Results
The seventy patients characteristics are given in Table 1 .
Baseline examination
Baseline assessment yielded the absence of aneurysm in any aortic segment. Variables considered for analysis are given in Table 2 .
Follow-up and outcome
During follow-up time (38 ± 2.6 months) all patients were asymptomatic. The target range of blood pressure was obtained in all patients, adding furosemide in three and dose adjustment of medication in the remaining. Target heart rate was also achieved in all (mean of all measurements 50 ± 4 bpm). Residual flap and false lumen patency remained unchanged in all patients.
Aneurysm was detected in 25 (35%) patients, involving 27 segments distal to the graft. The timing of aneurysm formation according to the aortic segments is given in Table 3 . Aneurysm was saccular in three patients and fusiform in the others.
Three patients died suddenly due to rupture of segments with previously detected aneurysm (one in the arch and two in the descending thoracic segment), 2-6 months before the last expected evaluation. All had had a residual flap. Initial dimensions were 47, 41 and 48 mm, and the final calibre before rupture was 53, 58 and 66 mm, respectively. One patient had been scheduled for reoperation, another had refused reoperation, while the third had not been considered for surgery. Eight other patients were successfully re-operated for large aneurysms, six localised in descending thoracic (with final dimensions over 60 mm) and two in the abdominal aorta (with final calibre over 55 mm), without complications. In these patients, the main increase ([6 mm) occurred during the third year after surgery.
Predictors of late aneurysm
On univariate analysis, late progression to aneurysm was associated with: increased pulse pressure, higher initial dimensions, lower distensibility and presence of flap in residual aortic segments (Table 2) .
On multivariate analysis, only the initial dimension of descending thoracic segment and the pulse pressure were confirmed as independent predictors for the outcome with a OR of 1 (Table 4) . When adjusted to sex and age, the OR increased to 2.04 and 1.78, for pulse pressure and initial dimension, respectively. The ROC area for this model, was 0.98 (95% CI: [0.95,1.00]). A risk score for probability of aneurysm was built resulting from the sum of the individual scores of the pulse pressure (one point for each 1-mmHg increase, from 30 mmHg) and the initial dimension of descending aorta (one point for each 1-mm increase, from 20 mm). Aneurysm was absent in all patients with a score of B24 and present in all patients with a score of C45 (Table 5) . ROC area for the risk score was 0.97 (95%CI: [0.93-1.00]) (Fig. 2) . Hypertension n (%) 36 (51) Diabetes n (%) 5
Hypercolesterolemia n (%) 22 (31) Smoking habits n (%) 11 (16) Obesity n (%) 11 ( 
Discussion
In this study, we aimed at identifying predictors of aneurysm in non-Marfan patients, three-years after surgery for type A aortic dissection. We found significant risk of aneurysm along the residual aorta, mainly on the thoracic segments, as described by others [1] [2] [3] [4] [5] . Risk factors, follow-up time and [8] [9] [10] [11] [12] . From the possible predictors for aneurysm, in addition to overall indicators, segmental variables were also assessed, since the expected differences in the hemodynamic profile and wall composition of different segments could influence outcome [18] . No clinical factors, with the exception of pulse pressure, were associated with outcome. Because all patients were aggressively treated for hypertension, the lack of impact of a history of hypertension on aneurysm may reflect the successful control of hypertension in the hypertensives.
The presence of a residual flap and lower distensibility of distal segments were also associated to late aneurysm. However, only the initial dimension of the descending thoracic segment and the pulse pressure were independent predictors.
Initial dimension
The baseline calibre of all residual aortic segments was univariantly associated with aneurysm. The dimension of the thoracic aortic segment was an independent predictor of outcome. Yeh reached similar results [10] and Halstead found that a larger aortic dimension was associated to higher expansion [12] . These findings also agree with studies on type B aortic dissection, which have found aortic dimension as a major determinant for expansion [19] .
This observation is well supported by the physical mechanisms involved in aneurysm expansion. Higher wall stress, medial elastic rupture, displacement of the stress to the adventitial collagen and wall remodelling would enhance wall expansion [20] . In our patients, a possible involvement of the residual aorta by primary wall disease [21] and/or the presence of a false lumen, could both lead to a larger initial dimension and contribute to late aneurysm. Pulse pressure and aortic distensibility Our findings suggest a role for wall rigidity in the pathogenesis of aneurysm, as described for Marfan and the ageing process [22, 23] . Higher pulse pressure and lower regional distensibility, two indicators of wall rigidity, were univariantly associated to late aneurysm. Distensibility was assessed by measuring cross-sectional areas by CMR, which was highly reproducible and allow the assessment of the pulsatile movements of the entire aortic circumference, between systole and diastole. This method, extensively used, should be most valuable in patients with non-uniformly diseased aorta. Nollen et al., using CMR for distensibility assessment in Marfan, yielded segmental distensibility as an independent predictor of progressive aortic dilatation [24] . Primary wall abnormalities and physical mechanisms, such as the persistence of a false lumen, could be responsible for stiffening. Poor elastic content of the subacute false lumen wall [25] , along with the formation of a pseudointima and later atherosclerotic changes [26] , may also lead to stiffening. The increased rigidity leads to higher pulse pressure due to the reflected pressure waves during systole. Higher systolic stress and impaired endothelial function over the aortic wall are likely addtitional mechanisms [27, 28] .
In our population, pulse pressure was an independent risk factor for aneurysm, which gives support to our hypothesis. We found an OR of 1.43 for each 1-mmHg increase of pulse pressure. Regional distensibility and pulse pressure are certainly related. However, it is not surprising that pulse pressure, which expresses the level of aortic rigidity, is an independent variable for aortic aneurysm at different levels instead of the regional distensibility. Pulse pressure has been found to have prognostic impact in several other cardiovascular conditions [27] [28] [29] [30] [31] .
Flap
A residual flap occurred in about half of the patients and was univariantly associated with aneurysm, but was not an independent variable. In spite of the resection of the intimal tear, all patients with flap had a patent false lumen which prevented assessment of the influence of patency on the outcome. Previous studies have yielded conflicting results concerning the correlation between the persistence and patency of the false lumen and aortic expansion [8, 10, 32, 33] . However, regarding the presence of a residual flap, Myrmel applied criteria of evidence-based medicine on all published series after 1980 and could not find a relationship between persistence of false lumen and increased risk of rupture or reoperation [34] .
We believe that although the thinner wall of false channel is exposed to higher stress and is prone to expansion in the acute phase [25] , subacute and chronic development of a degenerative pseudointima is likely to increase outer wall thickness and resistance [26] .
Risk score for aneurysm
Using the pulse pressure and the initial dimension of descending thoracic segment, a risk score score was developed which may be used as a clinical guide to identify patients with higher risk and establish a closer monitoring strategy of aortic dimensions and timely detection of aneurysm.
Limitations
For blood pressure measurement, we used a noninvasive brachial cuff method instead of the invasive aortic pulse pressure, which is known to overestimate the pulse pressure measurement. Previous studies found an excellent correlation between invasive and non-invasive measurements [35] . Thus, we believe it may be used as a clinical tool.
In conclusion, patients operated on for type A aortic dissection have a substantial risk of aneurysm development up to three-years follow-up. Early postoperative pulse pressure and aortic dimensions, as assessed by CMR, were independent risk factors for this outcome, while the persistence of false lumen was not an independent variable. These findings may be applied to detect high-risk patients and tailor an appropriate follow-up strategy to improve prognosis.
